Primary Sjögren's syndrome (pSS) is a chronic autoimmune disease involving lymphocytic infiltration and loss of secretory function in salivary and lacrimal glands[@b1]. Loss of salivary fluid secretion results in xerostomia, which leads to complications such as difficulty swallowing, rampant dental caries, oral mucosal lesions, and fungal infections that together severely affect the quality of life for the patients[@b2]. In addition, SS also presents with extra-glandular systemic manifestations that may impact tissues such as the skin, heart, lungs, kidney, gastrointestinal and endocrine system, as well as the central and peripheral nervous system[@b3]. The current criteria used for the diagnosis of pSS include: subjective and objective signs of dry mouth and/or dry eyes, the presence of anti-Ro/anti-La autoantibodies, and histological evaluation of the minor salivary glands for lymphocytic infiltration[@b4]. The onset and progression of the disease, as well as severity of inflammation and loss of secretory function varies between the two exocrine glands and even within the different salivary glands. For example, in most patients submandibular and minor salivary glands appear to be impacted first followed by the parotid gland. Sublingual glands are most often not affected. Involvement of lacrimal glands may occur before, along with, or independent of the loss in salivary gland function. While the pathogenesis of this disease has not yet been elucidated, it has been suggested that viral, hormonal, genetic, environmental, and neurophysiological factors might contribute to the initiation and progression of the disease[@b5][@b6][@b7].

A major and unresolved conundrum in the pathophysiology of (SS) has been the lack of correlation between salivary flow and extent of inflammation or tissue damage[@b6][@b8]. This is very relevant in the case of patients who display low levels of inflammation within their salivary glands (i.e. a relatively large part of the gland is histologically intact with little overt damage) and yet have substantial loss of function. It has been suggested that this might represent an early stage of the disease, although some patients do not progress to the more severe disease state.

Efforts to delineate the initial molecular alterations that underlie the secretory defect have been complicated by the fact that pSS is a slowly progressing disease, the early stages of which have proved difficult to identify. There are relatively few animal models that recapitulate the phenotype of disease progression, especially loss of saliva flow in absence of significant inflammation and glandular damage[@b9]. A number of these focus on elucidating the potential role of B cells in the pathogenesis of (SS). These include the mice expressing B cell activating factor (BAFF), Act1−/− mice (lacking Act1 a negative regulator of BAFF and CD40), as well as the more widely used NOD mice. While studies with these mice support the association of B cell activation during onset of disease and hypofunction of salivary glands, none of them recapitulate primary aspects of the disease, including its slow progression. The IL14α (TG) mice display many features of (SS)[@b10][@b11][@b12][@b13]. In particular, the onset and slow progression of the disease as well as timing of specific exocrine gland involvement are similar to pSS in humans. Furthermore, as in patients, IL14α (TG) mouse demonstrates an increase in autoantibodies and cytokines first followed by lymphocyte infiltration of salivary and lacrimal glands and finally glandular destruction. Notably, loss of fluid secretion is seen in the absence of extensive lymphocytic infiltration of salivary glands or tissue damage, a condition very similar to that described above in pSS patients. The onset and progression of the disease in the IL14α (TG) mouse has been linked to an elevation of (LTα), a member of the Tumor Necrosis Factor (TNF) family of proteins. Notably, pSS-like symptoms were not seen in IL14α (TG) mice that lack LTα[@b11]. On the other hand, the more delayed manifestations of the disease in the mice, including systemic inflammation and lymphoma, appear to be driven by Interferon-α (IFNα) as these features are absent in the IL14α (TG) animals lacking type 1 interferon receptor. Notably, both LTα and IFNα levels are increased in saliva and serum of pSS patients. Consistent with this, LTα is also upregulated in patients with autoimmune pancreatitis and mice with targeted expression of the cytokine in pancreatic acinar cells induced the autoimmune disorder[@b14]. Thus, it has been suggested that LTα may play a prominent role in the early loss of salivary function in pSS and in progression of the disease[@b11]. Little is known regarding the mechanisms causing the early loss of saliva secretion in patients and animal models. The current studies were directed towards addressing this issue.

Salivary glands mediate vectorial fluid secretion in response to stimulation by neurotransmitters. The key triggering event is neurotransmitter induced increase in cytosolic \[Ca^2+^\] (\[Ca^2+^\]~i~) in acinar cells, the primary site of secretion in the gland, which leads to activation of ion channels and transporters which together generate the osmotic gradient required to drive water from the cell[@b15][@b16][@b17]. Physiologically, the increase in \[Ca^2+^\]~i~ is achieved as a result of intracellular Ca^2+^ release from the endoplasmic reticulum as well as Ca^2+^ entry into the acinar cells, both of which are activated in response to stimulation of the plasma membrane receptors, such as muscarinic or alpha-adrenergic receptors. Such stimuli result in hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP2) and generation of inositol 1, 4, 5 trisphosphate (IP3)[@b18]. IP3 binds and activates IP3 receptors (IP3R) located in the endoplasmic reticulum (ER) resulting in the release of Ca^2+^ from the ER lumen[@b19]. The resulting elevation in cytosolic Ca^2+^ \[Ca^2+^\]~i~ tends to be transient in the absence of extracellular Ca^2+^. A sustained elevation of \[Ca^2+^\]~i~, which is critical for prolonged saliva flow, requires Ca^2+^ entry,[@b20][@b21]. Ca^2+^ entry in acinar cells, the site of water movement in the gland, is primarily mediated via the store-operated Ca^2+^ entry (SOCE) mechanism, which is activated by the decrease in ER-\[Ca^2+^\]. SOCE is regulated by the ER protein, STIM1 (stromal interaction molecule 1), which senses the decrease in ER-\[Ca^2+^\] and interacts with plasma membrane calcium channels, Orai1 and TRPC1, resulting in their activation. Ca^2+^ entry via these channels is required for maintaining the increase in \[Ca^2+^\]~i~ critical for the regulation of fluid secretion[@b22][@b23]. Essentially, the increase in \[Ca^2+^\]~i~ activates key K^+^ and Cl^-^ channels that together generate the osmotic gradient required to drive fluid secretion via the water channel, AQP5. Thus, intracellular Ca^2+^ release, via IP3R, in acinar cells represents the primary, critical step in neurotransmitter-regulation of fluid secretion.

We hypothesized that functional defects in acinar cells, the primary site of water secretion in the salivary glands, could account for the secretory dysfunction in patients with minimum lymphocytic infiltration and histologically detectable damage in salivary glands. To test this hypothesis, we utilized live cell imaging with acinar lobule preparations of minor salivary gland biopsies from pSS patients and healthy volunteers (HV). Specifically, the technique allowed us to select acinar cells in areas of the gland that were relatively intact with normal morphology. Our findings demonstrate that critical processes involved in fluid secretion are disrupted in acinar cells from SS patients; namely intracellular Ca^2+^ release, Ca^2+^ entry, and cell volume reduction. Importantly, we show that IP3Rs, but not AQP5, are reduced in salivary gland acinar of pSS patients, which can account for the aberrant fluid secretion in the patients. These findings were further validated using the IL14α-TG mice model since it most closely resembles the development of SS in humans. Submandibular gland acinar cells from IL14α-TG mice display a similar deficiency in IP3R accompanied by reductions in muscarinic receptor-regulated Ca^2+^ signaling. Finally, we show that incubation of minor salivary gland biopsies from healthy patients with LTα induce attenuation of muscarinic receptor-stimulated Ca^2+^ signaling. Together our findings provide evidence that deficits in IP~3~Rs underlie the secretory defect in pSS. Further, our data indicate that this defect might be associated with an ambient increase in LTα within the gland, possibly in the early stages of the disease. We propose that strategies aimed towards blocking the cytokine, or effects thereof, early in the disease process, will be potentially useful in preventing loss of salivary function and treatment of pSS.

Results
=======

Loss of saliva secretion in pSS patients displaying mild inflammation in salivary glands
----------------------------------------------------------------------------------------

The morphology of minor salivary gland biopsies from healthy volunteers (HV) and pSS patients, with varying focus scores (FS) between 1--5 (based on scaling between 0--12), was examined by hematoxylin and eosin staining of tissue sections obtained from the biopsies. HV glands demonstrated normal morphology without any detectable inflammation ([Fig. 1A and a](#f1){ref-type="fig"}). Samples from pSS patients with FS = 1, FS = 3, and FS = 5 displayed increasing infiltration, with more foci as well as spread of infiltrate within each foci (marked by red arrows in [Fig. 1b--d](#f1){ref-type="fig"}). Notably, areas away from the site of infiltration appeared to be morphologically intact and normal. As expected, such areas were relatively more frequent in samples from FS = 1 patients (marked by black arrows). In all cases, there was distinct loss of salivary gland structure within the area of infiltration (indicated by red arrows in the images). Importantly, despite the presence of relatively large areas of intact tissue in the gland, patients with FS = 1, demonstrated significant loss ([Fig. 1E](#f1){ref-type="fig"}) of salivary secretion as compared to HV. Details of clinical features of the patients are described in [Supplemental Table 1](#S1){ref-type="supplementary-material"}. In the following sections, we describe detailed functional analysis of acinar cells within the relatively normal appearing areas of glands from pSS patients with low focus score.

Agonist-induced decrease in cell volume is attenuated in acinar cells from pSS patients
---------------------------------------------------------------------------------------

We first examined CCh-stimulated decrease in cell volume in acinar cells, a readout of fluid secretion, using lobule preparations of lower labial minor salivary gland biopsies from HV and pSS patients (see Methods for details). Only intact acinar cells accumulate and retain fluorescent dyes which can be microscopically selected for measurements[@b24][@b25]. Thus, this technique allowed us to measure the function of intact acini in pSS patient glands. Stimulation of cell lobules with relatively low, submaximal, \[CCh\] (1 μM CCh) induced a 20% decrease in volume (which reached steady state at about 300 sec) of acinar cells from HV. CCh-stimulated decrease in cell volume, about 10%, was significantly less in acinar cells of pSS glands compared to that in HV acini ([Fig. 2B](#f2){ref-type="fig"}). A representative trace is shown ([Fig. 2A](#f2){ref-type="fig"}) from one experiment (single biopsy) using data obtained from 3--4 samples (average of minimum 40 ROI). Steady-state values of cell volume 300 sec after stimulation with 1μM carbachol (CCh) was HV = 79.39% ± 1.294, (n = 80 cells, N = 11 patients) and in pSS cells 89.53% ± 0.9454, (n = 78 cells, N = 13 patients) (p = 0.0019). The initial rate of cell volume decrease was also significantly different in pSS acini compared to that of HV acini. These data suggest that acinar cells in minor salivary glands of pSS patients with low focus scores, have a secretory defect. Importantly, there was a significant correlation between agonist--induced volume decrease in acinar cells and salivary secretion of the patients ([Fig. 2D](#f2){ref-type="fig"}, HV, black symbols, and pSS patients, red symbols, Spearman r = 0.4380; *p *= 0.0323). CCh-stimulated volume decrease in acinar cells of individual patients within each group is shown in [Fig. 2E](#f2){ref-type="fig"}. Together, these data demonstrate that agonist-stimulated acinar cell volume decrease appears to be an accurate indicator of the functional status (salivary gland fluid secretion) of the patients.

Carbachol-stimulated \[Ca^2+^\]~i~ mobilization is reduced in minor salivary gland acinar cells from SS patients
----------------------------------------------------------------------------------------------------------------

The primary determinant of cell volume decrease in response to agonist stimulation is an increase in cytosolic calcium. To determine whether defects in Ca^2+^ signaling can account for the decrease in cell volume change, we assessed CCh-induced \[Ca^2+^\]~i~ increases in acinar cells by measuring changes in Fluo2 fluorescence in lobule preparations from seven HV and eleven pSS patients. Agonist-stimulated intracellular Ca^2+^ release was initiated by stimulating cells with 1 μM CCh in the absence of extracellular calcium, measured as a transient increase in fluorescence. Subsequent addition of 1mM calcium to the external medium triggers a second, more sustained, increase in fluorescence due to Ca^2+^ entry. [Figure 3A](#f3){ref-type="fig"} displays the pattern of \[Ca^2+^\]~i~ changes in acinar cells from pSS patients and HV showing the calcium release and entry phases. CCh-stimulated intracellular Ca^2+^ release was significantly reduced (\>50%, p \< 0.0001) in pSS acini compared to that in HV acini ([Fig. 3B](#f3){ref-type="fig"}). Cells from pSS patients also showed significant reduction (about 75%) in the Ca^2+^ entry component as compared to that in HV cells ([Fig. 2C](#f2){ref-type="fig"}). Since CCh-stimulated Ca^2+^ entry in acinar cells is mediated primarily via the store-operated Ca^2+^ entry pathway (SOCE)[@b26], the reduction in Ca^2+^ entry detected in the pSS patients is most likely due to a reduction in intracellular Ca^2+^ release. Thus, while we cannot exclude that conditions associated with pSS might directly affect mechanism and components involved Ca^2+^ entry, we have not examined Ca^2+^ entry in further detail.

\[Ca^2+^\]~i~ increase in response to varying \[CCh\], ranging from 50 nM to 100 μM, was measured in eight pSS patients and five HV. Cells from pSS patients showed a significant reduction (about 50%) in \[Ca^2+^\]~i~ increase at all \[CCh\] tested compared to the responses in cells from HV ([Fig. 3D](#f3){ref-type="fig"}). This indicates an overall decrease in CCh-induced Ca^2+^ mobilization rather an alteration in the sensitivity of the cells to CCh. We further examined CCh-induced \[Ca^2+^\]~i~ increases in cells maintained in a Ca^2+^-containing medium. Cells from both HV and pSS patients showed an initial increase in \[Ca^2+^\]~i~ that was not affected by inclusion of Ca^2+^ in the external medium ([Fig. 3E,F](#f3){ref-type="fig"}) and a subsequent more sustained elevation seen only in cells bathed in Ca^2+^-containing external medium. The initial Ca^2+^ increase was slower in cells from pSS patients, in agreement with slower intracellular Ca^2+^ release. Importantly, there was a significant correlation between CCh-induced decrease in cell volume and Ca^2+^ release (Spearman r = 0.5561) (*p *= 0.0166) as well as Ca^2+^ influx (Spearman r = 0.6388) (*p *= 0.0043) ([Fig. 3G,H](#f3){ref-type="fig"}). Again, as seen in the case of cell volume measurements, there was a clear separation between the values obtained in HV and pSS patients. Further, there was a significant correlation between patient saliva flow and Ca^2+^ release (Spearman r = 0.5741) (*p *= 0.0127) as well as calcium influx (Spearman r = 0.5844) (*p *= 0.0109) ([Supplemental Fig. 4](#S1){ref-type="supplementary-material"}). Since CCh-stimulated Ca^2+^ increases are correlated with volume changes in acinar cells as well as saliva secretion in patients, we suggest that the defect in CCh-stimulated intracellular Ca^2+^ release detected in acini from pSS patients, can account for the reduced salivary secretion in pSS patients with low focus scores who display minimal damage of salivary gland tissue.

IP3R2 and IP3R3 are decreased in all areas within salivary glands from SS patients
----------------------------------------------------------------------------------

IP3R2 and IP3R3 are critical for mediating intracellular Ca^2+^ release in salivary gland acinar cells. Lack of these receptors in mice led to a complete loss of fluid secretion[@b27]. We assessed the expression and localization of IP3R3 ([Fig. 4](#f4){ref-type="fig"}) and IP3R2 ([Fig. 5](#f5){ref-type="fig"}) in salivary gland tissue samples from HV and pSS patients with FS = 1 and FS = 3 for IP3R3 and FS = 3 and FS = 5 for IP3R2. AQP5, the major water channel in salivary glands and STIM1, the protein regulating SOCE, were also examined. Representative stitched images for IP3R3 ([Fig. 4](#f4){ref-type="fig"}), and for STIM1, and AQP5 across entire sections of the glands from the same patient are shown ([Supplemental Fig. 2](#S1){ref-type="supplementary-material"}). Marked areas in each image represent an area of infiltration (IF) or one that is away from the site of infiltration where tissue appears to have normal morphology (N). In HV samples, STIM1 labeling was clearly detected within the acinar cell area while strong IP3R3 and AQP5 signals were detected within the apical region of the acinar cells, as previously reported[@b28][@b29][@b30][@b31]. All three proteins were uniformly detected across the entire section of the gland. In the case of samples from pSS patients, all three proteins were poorly detected within the IF region, in FS = 1 and FS = 3 patient samples ([Fig. 4](#f4){ref-type="fig"}, [Supplemental Figures 2, 3, and 4](#S1){ref-type="supplementary-material"}). Importantly, while AQP5 and STIM1 were readily detected in areas away from the infiltrating sites, IP3R3 signal was low in a major portion of the tissue sections from FS = 1 and FS = 3 pSS patients. High resolution imaging demonstrated very weak labeling within the apical region of acini in both IF and N areas in pSS glands ([Fig. 4](#f4){ref-type="fig"}, shows enlarged images of the marked areas well as enlarged images of acinar cells from HV and N of FS = 1). We also examined presence and localization of IP3R2 which, like IP3R3, was strongly detected at the apical region in acinar cells in glands from HV ([Fig. 5](#f5){ref-type="fig"}). However, in FS = 3 and FS = 5 patients, the signal was reduced within infiltrating areas (IF), with greater overall reduction in FS = 5 patients. Importantly, in FS = 5 patients acinar cells within the relatively intact areas (N) displayed mislocalization of IP3R2 ([Fig. 5](#f5){ref-type="fig"}).

In aggregate, these findings demonstrate that STIM1 and AQP5 are reduced within the area of infiltration (IF) in glands from pSS patients, but not in areas away from the infiltration site. Thus, loss of these proteins can only contribute to loss of Ca^2+^ entry and fluid secretion function within site of infiltration. Importantly, our findings reveal a novel deficit in IP3Rs in pSS patients that is detected in acinar cells within the relatively normal areas of the pSS gland that are away from the site of infiltration. Although we cannot completely rule out effects due to other possible contributing factors, the present findings strongly suggest that the decrease in IP3Rs in acinar cells can be the major underlying cause for the decrease in salivary flow in patients with low focus scores.

Attenuation of acinar cell Ca^2+^ Signaling and IP3R in IL14α transgenic mice
-----------------------------------------------------------------------------

The IL14α-TG mice has been reported to faithfully reproduce many of the features of primary SS including its relatively slow and chronic progression[@b12]. Previous studies have shown that stimulated fluid secretion is attenuated in submandibular glands at 10 months of age in IL14α-TG mice. Importantly, in common with low focus score patients, loss of fluid secretion is not associated with significant lymphocyte infiltration or glandular damage. We have investigated submandibular gland acinar cells from this mouse to determine whether they display characteristics similar to those observed in human pSS minor salivary glands. \[Ca^2+^\]~i~ measurements were performed in fluo2-loaded lobules isolated from 10 month old IL14α-TG mice or age, sex and genetic background matched control animals as described in Materials and Methods. The magnitude of the CCh-induced peak in \[Ca^2+^\]~i~ measured in lobules isolated from female mice were markedly reduced at sub-maximal stimulation ([Fig. 6](#f6){ref-type="fig"}). Additionally, intracellular Ca^2+^-store status was assessed by treating submandibular gland acinar cells from the two sets of mice with CPA in Ca^2+^-free external medium. There was no difference in the overall pattern of \[Ca^2+^\]~i~ increase in the two sets of cells; values obtained for peak \[Ca^2+^\]~i~ increase, time to reach half peak height, as well as area under the curve were all similar ([Supplementary Figure 5](#S1){ref-type="supplementary-material"}). These data rule out the possibility that defects in intracellular Ca^2+^ store content can account for CCh-mediated intracellular \[Ca^2+^\]~i~ increase. Notably, Ca^2+^ signaling in submandibular glands from male IL14α-TG mice was largely unaltered, consistent with the female: male predominance of pSS in humans.

Next, we examined the subcellular localization of IP3R2 in submandibular glands from IL14α-TG mice and control animals. While the characteristic strong apical localization of IP3R2 could be readily demonstrated in both female age matched control animals and male IL14α ([Fig. 7A,B](#f7){ref-type="fig"}, left panels), IP3R2 was largely absent in female IL14α-TG animals ([Fig. 7C](#f7){ref-type="fig"}), while prominent expression of the basally localized Na/K-ATPase was readily apparent in submandibular tissue samples from all animals ([Fig. 7A--C](#f7){ref-type="fig"}, right panels). These findings are entirely consistent with the data obtained in acinar cells from SS patients, namely that a primary mechanism which underlies the loss of fluid secretion in both the mouse model and patients is an attenuation of Ca^2+^ signaling resulting from a reduction in apically localized IP3R.

Ca^2+^ signals are attenuated in human minor salivary glands from healthy individuals after treatment with LTα
--------------------------------------------------------------------------------------------------------------

As discussed above, cytokines, in particular, IFNα and LTα, are believed to play a major role in the initiation and progression of Sjögren's Syndrome[@b6][@b32]. In IL14α-TG animals, the initiation of SS-like disease is dependent on the expression of LTα[@b11], while the later systemic inflammation and development of lymphoma appears driven by IFNα[@b33]. Thus, in order to investigate whether LTα could play a similar initiating role in the development of Sjögren's Syndrome in humans we monitored \[Ca^2+^\]~i~ signals in lobules prepared from minor salivary glands obtained from HV that were incubated with LTα for 16 hrs. [Figure 8A](#f8){ref-type="fig"} shows a DIC image of the lobule from HV, demonstrating that the polarized morphology of the tissue was retained following 16 hour culture. Robust CCh-induced Ca^2+^ signals could be evoked in lobules in vehicle-treated controls ([Fig. 8B](#f8){ref-type="fig"}). Strikingly, the magnitude of \[Ca^2+^\]~i~ signals were significantly reduced in minor salivary gland lobules following incubation with LTα ([Fig. 8C](#f8){ref-type="fig"} and pooled data in 8D). These data are consistent with a common, early event in pSS being a reduction in Ca^2+^ signaling mediated by signal transduction downstream of increases in LTα which results in loss of glandular fluid secretion.

Discussion
==========

The molecular mechanism(s) underlying exocrine gland dysfunction and pathogenesis in pSS patients is unknown. While destruction of glandular structure due to widespread lymphocytic infiltration can contribute to the decrease of salivary fluid secretion, it does not explain the loss of secretion in the majority of patients who have low, or negligible, levels of inflammation. Salivary glands in these patients are largely intact, without overt damage to majority of the acinar cells. The data we present here reveal that agonist-stimulated Ca^2+^ signaling is attenuated in acinar cells that are present in the relatively intact areas of gland from patients with low focus scores. Importantly, we have identified a defect in IP3Rs in acinar cells of glands from pSS patients that can account for the loss of Ca^2+^ signaling as well as saliva secretion. Additionally, we show that similar defects in Ca^2+^ signaling and IP3R are present in acinar cells from IL14α-TG mice, an animal model for SS that closely resembles the development of this disease in humans. Increases in LTα, a member of the TNF family, in serum and salivary glands has been associated with early stages of the autoimmune disease in both pSS patients and IL14α-TG mice. Importantly, we show that *in vitro* treatment of salivary glands from healthy patients with LTα also induces loss of Ca^2+^ signaling. Together, our findings suggest that defective Ca^2+^ signaling due to loss of IP3Rs in acinar cells can account for the attenuation of fluid secretion in pSS patients with low levels of lymphocytic infiltration and minimal tissue damage.

Water secretion from acinar cells is completely dependent on agonist-stimulated \[Ca^2+^\]~i~ increases and IP3R activation is the critical first step in his process, as it also governs the activation of Ca^2+^ entry[@b26]. We show that while key proteins involved in Ca^2+^ mobilization and fluid secretion; STIM1, and IP3R, and AQP5, are disrupted within, or immediately around the area of infiltration; where there is considerable tissue damage, only IP3Rs are significantly decreased in the relatively intact areas of the gland where there is no infiltration. While we cannot rule out additional defects in components involved in mediating and regulating Ca^2+^ entry, the observed loss of IP3Rs in acinar cells located in relatively intact areas of the gland in patients with low inflammatory scores can account for the decrease in CCh-stimulated intracellular Ca^2+^ release and Ca^2+^ entry, CCh-stimulated reduction in cell volume, and consequently, saliva secretion. Based on previous studies with the IL14α-TG mice and the role of LTα in pSS[@b11][@b33], we suggest that the observed loss of IP3R represents a relatively early event in the progress of the disease. Our findings with IL-14α-TG mice, where LTα plays a major role in disease initiation, together with the observation that exposure of normal human tissue to LTα also results in diminished Ca^2+^ signals suggests that important signaling events regulated by LTα might be involved. LTα acts on TNF receptors leading to a multitude of signaling pathways including activation of NFAT, caspases, MAP kinase cascades, and NFκB-mediated transcriptional pathways[@b34], many of which are documented to impact IP3R function[@b35][@b36]. Conceptually, the decrease in IP3R protein could occur by a combination of either a reduction in production, or alternately by an increase in degradation. While there is very little published data relating to transcriptional control of IP3R2 and IP3R3 genes, there are a number of reports documenting the mechanisms that degrade IP3Rs. For example, IP3R2 and IP3R3 in acinar cells are substrates for ubiquitination and proteasomal degradation[@b37]. In addition, IP3R are also substrates for the cysteine proteases, calpain and caspase[@b38]. Activation of either of these pathways following TNF receptor signaling could conceivably account for the reduction in IP3R levels. Future work is necessary to probe the detailed molecular signaling pathways responsible for the alteration in IP3R expression in the context of Sjögren's Syndrome.

Generation of autoantibodies targeting functionally relevant proteins in the gland have been suggested as a major causal factor in pSS pathogenesis. In this context, anti-M3R autoantibodies have been identified in the sera from pSS patients. Since these antibodies directly target the M3R, one of the major neurotransmitter receptors involved in salivary fluid secretion, this autoantibody has received much attention. While there are some discrepancies in the reported findings[@b39][@b40][@b41], it is feasible to hypothesize that if there were high levels of circulating anti-M3R *in vivo* in the vicinity of the receptors in the gland, it could dampen the cellular response to neurotransmitter stimulation. Additionally, antibodies to IP3R have also been detected in sera from primary Sjögren's 17 of 35 (48.6%), secondary Sjögren's 13 of 39 (33%), and rheumatoid arthritis 34 of 124 (27.4%)[@b42]. However, it is unclear whether autoantibodies can induce permanent effects on the acinar cells which would lead to dampening of their response to (CCh) *in vitro*, as seen in the present study. Furthermore, our observation that the decrease in response is also seen at high (CCh) argues against an effect of ambient antibodies that are associated with the tissue. Defects in AQP5 have also been previously reported, which include a decrease as well as mis-localization of the channel, both of which could result in decreased water secretion. There are also data which refute such alterations in the distribution of AQP5 in acinar cells of glands in pSS patients[@b43][@b44]. Irrespective of the change in AQP5, since AQP5 insertion into the apical plasma membrane as well as fluid secretion *per se* is critically dependent on CCh-stimulated Ca^2+^ mobilization, loss of muscarinic receptor function or defects in Ca^2+^ mobilization would adversely impact water secretion. As discussed above, we do not see an overall decrease, or mislocalization, of AQP5 in acinar cells from pSS patients. However, based on the decreased Ca^2+^ mobilization that we have observed in acini from pSS patients, we suggest that AQP5 trafficking to the apical membrane, and consequently water secretion, will be reduced in this tissue. Consistent with this we have seen an association between CCh-stimulated Ca^2+^ mobilization and volume reduction in salivary gland acinar cells from individual patients.

Relatively few studies have examined acinar cell function in salivary glands from pSS patients. A previous report compared cell volume changes in salivary gland cells from pSS and non-pSS patients (individuals presented with dry mouth but did not meet criteria for pSS) but did not evaluate function in healthy volunteers. Further, only response of cells to hypo-osmotic stress was assessed where exposure of cells to a hypo-osmotic medium triggers an increase in cell volume that is followed by regulatory volume decrease[@b45]. Such volume changes are non-physiological but can be used to assess the overall water permeability of cells. However, this assay does not provide insight regarding the physiological response of cells to a secretagogue. This previous study showed that pSS patient cells had reduced cell swelling as well as volume recovery compared to the non-pSS group. While the investigators attributed the change to disruption of AQP5 in an around the infiltrating areas, alterations in other factors including cytoskeletal changes, volume-regulated Ca^2+^ channels, Ca^2+^-activated K^+^ channels, and volume regulated Cl^-^ channels could contribute to the defect in regulated volume decrease[@b46]. Another previous study by Dawson et al. demonstrated a change in the sensitivity of cells to acetylcholine[@b47] with attenuation of \[Ca^2+^\]~i~ increases and Ca^2+^-dependent ion channel activation at relatively low \[agonist\] in pSS cells compared to healthy patients. However, as shown by our data, Ca^2+^ signaling in salivary gland acini from FS = 1 patients was dampened across all concentrations of (CCh) tested. Notably, \[Ca^2+^\]~i~ signaling in cells from IL14α-TG glands, appeared to recover at higher (CCh). Further studies will be required to evaluate whether the agonist sensitivity of the glands in pSS decreases temporally following disease onset. The most novel and important finding in the present study is that salivary gland acinar cells from morphologically intact areas of the glands from SS patients demonstrate a loss of IP3R3 and a mislocalization of IP3R2. To our knowledge none of the previously reported studies have examined acinar IP3Rs in Sjögren's Syndrome. Consistent with the findings in patients, acini from IL14α-TG mice show a decrease in IP3R2 (IP3R3 have not yet been assessed). Thus, we suggest that IP3R deficit in acinar cells is the underlying cause for the secretory dysfunction in pSS patients who have low levels of inflammation and minimal tissue destruction in the salivary glands. While we have not directly assessed the intracellular Ca^2+^ store content in salivary glands from pSS patients, our data demonstrate that the Ca^2+^ store content is similar in acini from WT and IL14α-TG mice. Further studies are required to assess the temporal sequence of events, namely whether mislocalization of the protein precedes the loss. Interestingly, mice lacking IP3R2 and IP3R3 display loss of lacrimal secretion and progressive inflammation in the eyes, as seen in pSS patients[@b48].

In conclusion, we present here novel data that demonstrate a decrease and mislocalization of IP3Rs in minor salivary gland acinar cells from pSS patients. This defect in IP3Rs can account for the accompanying decrease in agonist-stimulated Ca^2+^ signaling and cell volume regulation, which together fully account the loss of saliva secretion. Our findings suggest that a link between LTα and loss of IP3R in pSS-associated secretory dysfunction. Previous studies reported by Ambrus and co-workers demonstrate that IFNα is not responsible for the early stages of Sjögren's Syndrome, including salivary dysfunction, in the submandibular and lacrimal glands[@b11]. Additionally, no trials have yet demonstrated the benefit for blocking INFα in Sjögren's Syndrome. Another interesting observation from these previous studies is that lymphocytes participate in the destruction of the salivary glands. Indeed, we have noted in the present study that tissue destruction was maximum in the area within and surrounding the infiltrate. On the other hand, increase in LTα is associated with early stages of the disease and likely mediates its effects via activating TNF receptors locally in salivary glands. However, further studies are needed to delineate the site and mechanism involved in generation of LTα locally within the gland as well as identifying the intracellular signaling events that lead to decrease in IP3R as well. Understanding of these mechanisms will identify new targets as well as the optimal time-frame for effective treatment of the exocrinopathy and secretory dysfunction associated with Sjögren's Syndrome.

Materials and Methods
=====================

Study Approval
--------------

All studies were carried out in accordance with approved NIH guidelines. Human samples were obtained from NIH Institutional Review Board approved protocols (ClinicalTrials.gov Identifiers: NCT00001196 and NCT00001852). All human experiments including the use of tissue samples were performed after informed consent was obtained from subjects in the Sjögren's Syndrome Clinic at the National Institute of Dental and Craniofacial Research (NIDCR) at the National Institute of Health (NIH) in Bethesda, MD.

Patient selection
-----------------

46 subjects (HV+ pSS) were included in this study. 24 of the biopsies were from lower labial minor salivary gland from pSS patients who fulfilled the American-European consensus group criteria[@b4]. Irrespective of their menopausal status, all Healthy Volunteers enrolled in this study responded negatively to the questionnaire for the presence of oral symptoms, as per the European American Criteria for the diagnosis of Sjögren's Syndrome. Biopsies were evaluated and assigned focus score \[FS, defined as an accumulation of at least 50 inflammatory cells per mm^2^ [@b49]\]. 5 patients had FS = 0, 11 had FS = 1, 2 had FS = 2, 3 had FS = 3, 2 had FS = 4, and 1 patient had FS = 5 (see details in [Supplemental Table 1](#S1){ref-type="supplementary-material"}). 22 biopsies were collected from healthy volunteers, who underwent examination to confirm their health status, including subjective evaluation of ocular and oral symptoms (using questionnaire), schirmer's test and positive vital dye staining, histopathology (minor salivary gland biopsy), saliva measurements, and presence of autoantibodies in serum.

Preparation of cell lobules
---------------------------

The biopsy was placed in cold tyrode solution (in mM):130 NaCl, 5.4 KCl, 1CaCl~2,~ 10 HEPES, 1 MgCl~2~, 10 glucose, 1% BSA: pH 7.4, gassed with 95% O~2~5% CO~2~, finely minced and incubated with 1μM calcein-AM (Molecular Probes, Invitrogen, Eugene, OR, USA) or 10 μM Fluo2-AM (**TEF Labs Inc.** Austin, TX, U.S.A.) for 30 minutes. Cells were washed with tyrode solution for 30 minutes. The time frame between collection of the biopsy and performing live cell imaging experiments was an average of 2.5 hours. Lack of cell digestion provides a relatively intact *in situ* system to study salivary gland cell function[@b50]. In addition, the cell clusters were viable up to 6 to 8 hours. Lobules were isolated by dissection under a microscope from IL14α (TG) mice[@b12] which are on a C57B6 background. They were prepared for imaging in an identical fashion to human biopies. Use of mice for the experiments described herein was approved by the University Committee on Animal Resources (UCAR), University of Rochester. The protocol number is UCAR-2001-214 and performed in accordance with the approved guidelines.

Live cell imaging using confocal and multiphoton microscopy
-----------------------------------------------------------

Dye-loaded lobules were placed in a perfusion chamber on cover slips which were coated with cell tak (from BD Bioscience, Bedford, MA) in solution containing: 130 NaCl, 5.4 KCl, 1CaCl~2,~ 10 HEPES, 1 MgCl~2~, 10 glucose, pH 7.4. The clusters were imaged using a Leica SP2 confocal mounted on a DM IRE2 inverted microscope with 20 × (0.4 NA) dry objective and images were acquired every 1\`s. Both Calcein and Fluo2 AM were excited with the 488-nm line of an argon ion laser with emission at 510 nm. In experiments employing multiphoton microscopy, Fluo2 loaded lobules were excited at 810 nm using a Spectra Physics tunable fS pulsed Ti-Sapphire laser controlled by Fluoview software on a Olympus FV1000MP microscope using a 25× water immersion objective (1.03 NA). The clusters were stimulated with 1 μm carbachol (CCh) (Sigma, St. Louis, MO, U.S.A.) and maintained at 37 ^°^C. Changes in Ca^2+^ in the medium are indicated in the text as is time of CCh addition. Images were acquired at a resolution of 512 × 512 pixels. Regions of interest were selected and fluorescence intensity in that region was determined as a function of time and expressed relative to the initial fluorescence.

Immunofluorescence and histochemistry and H&E staining
------------------------------------------------------

Samples were deparaffinized, rehydrated followed by microwave antigen retrieval for 10 minutes in 1mM EDTA, pH 8.0 with 0.05% Tween 20. Sections were cooled and blocked with 10% donkey serum in PBS with 0.05% BSA for 30 minutes at room temperature, followed by incubation with primary antibody \[rabbit anti-AQP5 (Santa Cruz biotech.), rabbit anti-STIM 1 (cell signaling) rabbit anti-IP3R3 (Novus) and anti-IP3R2[@b51]. Samples were washed and incubated with Alexa fluor 488-conjugated donkey anti-rabbit antibody at 1:100 (Molecular Probes), mounted and imaged using Olympus Fluoview 1000 using a 40X, 60x, or 100x objectives.

For H&E staining and morphology assessment, paraffin embedded human minor salivary gland sections were melted and then stained with Mayer's Hematoxolin (Electron Microscopy Sciences) followed by Eosin--Phloxine B (Electron Microscopy Sciences), and washed. Sections were then mounted and cover slipped using Permount (Fisher) and images were acquired.

Statistics
----------

Data analysis was performed using Origin 9.0 (OriginLab) and PRISM 5. Statistical comparisons were made using Spearman r (95% confident Interval) and Student t test. P value Significant (alpha = 0.05). Experimental values are expressed as means +/− SEM. Differences in the mean values were considered to be significant at *p *= 0.05.
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![Morphology of minor salivary glands from healthy volunteers (HV) and primary Sjögren's patients (pSS).\
Samples from (HV) and pSS patients with focus scores (FS) of 1, 3 and 5 were stained with hematoxolin and eosin. Morphology was assessed using 20× objectives. (**A--D** show larger areas of the tissue sample while enlarged areas of the portions marked are shown in (a--d). Relatively intact morphologically normal looking areas in the sections are shown by black arrows, while infiltrated areas are indicated by red arrows. Samples from pSS patient with FS = 5 (**D**, d) displays diffused infiltration with little residual gland morphology (**E**) Displaying whole unstimulated salivary flow measured in individual HV (N = 22) and pSS FS = 1 patients (N = 11). Mean ± SEM for the HV group is 5.827 ± 0.8556 ml/15 min and for the pSS group, 1.759 ± 0.4334 ml/15 mins (\* denotes a significant difference between Means, p \< 0.0001). (**A--D**, scale bar = 100 microns) (a--d, scale bar = 50 microns).](srep13953-f1){#f1}

![Carbachol-stimulated decrease in acinar cell volume is attenuated in minor salivary gland biopsies from pSS patients.\
(**A**) Calcein fluorescence was monitored in acinar cells using confocal microscopy. The data in A were used to quantitate: (**B**) Decrease in volume in HV (20.61017 F/F~0~ ± 1.29369) vs in the pSS patients (10.4703 F/F~0~ ± 0.94543) (**C**) Initial rate of volume decrease in HV and pSS cells (0.1861 F/F~0~/Sec ± 0.01837 in the HV versus 0.09333 F/F~0~/Sec ± 0.006863 in the pSS individuals (*p *\< 0.0001). (**D**) Spearman r correlation between CCh-stimulated volume decrease and salivary flow in the pSS patients (red symbols) and HV (black symbols) (*p *= 0.0323, eleven HV, and thirteen pSS). (**E**) Spread of CCh-stimulate volume changes in individual patients from HV and pSS groups (*p *= 0.0010). \* indicates significant difference.](srep13953-f2){#f2}

![Carbachol-stimulated Ca^2+^ signaling is decreased in pSS.\
(**A**) Fluo2 fluorescence was recorded in cell lobules and stimulated with 1μM carbachol in Ca^2+^ free medium, followed by inclusion of 1 mM Ca^2+^ to the external medium. Traces are representative of data from one experiment, values are averages from 3-4 samples (minimum of 40 ROIs) (**B**) Quantitation of first peak increase in fluorescence (representing internal \[Ca^2+^\]~i~ release in cells from pSS patients (0.8129 ± 0.09980) in 121 cells from eleven patients) and seven HV individuals (2.196 F/F~0~ ± 0.1357, 105 cells, 7 patients), \* indicates significant difference (P \< 0.0001). (**C**) Quantitation of second peak of fluorescence increase (due to Ca^2+^ entry) from eleven pSS patients and seven HV (0.4275 ± 0.14583 121 cells and 2.20134 F/F~0~ ± 0.2099, 105 cells). \* indicates a significant difference P\<0.0001. (**D**) Dose-dependence of CCh-stimulated increases in \[Ca^2+^\]~i~ in acinar cells from HV (5 individuals) and pSS patients glands (8 patients) in Ca^2+^-containing medium. (E&F) CCh-stimulated increase in fluorescence in Ca^2+^-containing and Ca^2+^-free media from HV and pSS patients. (G&H) Spearman r correlation between CCh-stimulated volume changes versus intracellular Ca^2+^ release (*p *= 0.0166) and Ca^2+^ influx (*p *= 0.0043), respectively, in seven HV and eleven pSS patients.](srep13953-f3){#f3}

![IP3R3 expression in minor salivary glands biopsies of pSS patients and healthy volunteers.\
Stitched Immunofluorescence images of IP3R3 in entire biopsied sample area (scale bar = 300 microns). Area labeled 1 and 2 were randomly picked areas from HV. Representative images of IP3R3 detected by immunofluorescence in salivary gland sections from pSS patients with FS = 1, FS = 3. An area from within the infiltration (IF) was picked and an area away from infiltration where tissue appeared to be morphologically intact (N). In each case, enlarged images (of areas marked by white boxes) are shown in the second panel to the right (scale bar = 20 microns). Areas were picked from stitched images shown in the 1^st^ panel (scale bar = 50 microns).](srep13953-f4){#f4}

![IP3R2 expression in minor salivary glands biopsies of pSS patients and healthy volunteers.\
Representative images of IP3R2 detected by immunofluorescence in salivary gland sections from pSS patients with FS = 3, FS = 5, and healthy volunteers (HV) (scale bar = 50 microns). An area from within the infiltration (IF) was picked and an area away from infiltration where tissue appeared to be morphologically intact (N). In each case, enlarged images (of areas marked by white boxes) are shown in the second panel to the right (scale bar = 20 microns).](srep13953-f5){#f5}

![Ca^2+^ Signaling in lobules from IL14 alpha transgenic mice.\
(**A**) Representative traces from female, age matched wild type controls showing the concentration-dependent change in \[Ca^2+^\]~i~ stimulated by a range of \[CCh\] in submandibular acini. The traces represent the normalized change in fluorescence for an individual cell within an acinus. Cells from different acini in the field of view in one lobule are presented. Experiments were performed on at least 9 lobules from 3 different animals. (**B**) \[Ca^2+^\] signals are significantly reduced in IL14α animals. (**C**) Pooled data. \[Ca^2+^\] signals are significantly reduced in response to sub-maximal \[CCh\] \*p = \<0.01.](srep13953-f6){#f6}

![IP3R2 expression in submandibular salivary glands from female IL14 alpha transgenic mice.\
(**A)** Left panel shows the typical apical staining of IP3R2 in age matched control animals. Middle panel show the basal localization of the Na/K-ATPase. Right panel overlay of IP3R2 and Na/K-ATPase localization. (**B**) Left panel shows the typical apical staining of IP3R2 in male 10 month old IL14a animals. Middle panel show the basal localization of the Na/K-ATPase. Right panel overlay of IP3R2 and Na/K-ATPase localization. (**C**) Left panel shows the absence of typical apical staining of IP3R2 in female 10 month old IL14a animals. Middle panel show the basal localization of the Na/K-ATPase. Right panel overlay of IP3R2 and Na/K-ATPase localization. (scale bar = 10 microns).](srep13953-f7){#f7}

![Ca^2+^ signaling in minor salivary glands from HV incubated with (LTα).\
**(A**) Representative traces from lobules prepared from HV minor salivary glands incubated at 37 °C for 16 hrs showing the concentration-dependent change in \[Ca^2+^\]~i~ stimulated by a range of (CCh). The traces represent the normalized change in fluorescence for an individual cell within an acinus. Cells from different acini in the field of view in one lobule are presented. Experiments were performed on at least 9 lobules from 4 individual volunteers. (**B**) \[Ca^2+^\] signals are significantly reduced in lobules incubated with 100 ng/ml (LTα). (C) Pooled data. \[Ca^2+^\] signals are significantly reduced in response to sub-maximal \[CCh\] \*p = \<0.01.](srep13953-f8){#f8}
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